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The Surveyor luna r  s o f t  landing spncec ra f t  w i l l  provide prel iminary un- 

mnr,ed s c i e r k i f i c  e x p l o r a t i o n  of t h e  s u r f a c e  of t h e  moon. 

d i s z u s s i o n  of t h e  p e r t i r e n t  design cons ide ra t ions  f o r  midcourse guidance and 

t h e  t e r n i z n l  descent  s y s t e n .  

(1) P R l c u l a t i o n  of f u e l  requirements h s e d  on s e r s o r  and propuls ion performance 

C h a r a c t e r i s t i c s  and ( 2 )  implementation of t h e  closed loop  c o n t r o l  scheme re- 

quired f o r  the terrnir.al p o r t i o n  of t h e  d e s c e n t .  The midcourse c o r r e c t i o n  is  

nade f i r s t  t o  c o r r e c t  miss and t h e n ,  by t e k i n g  account of terminel  tiescent sys -  

tem c h a r a c t e r i s t i c s ,  t o  maximize t h e  p r o b a b i l i t y  of s u c c e s s f u l  s o f t  l and ing  by 

an a p p r o p r i a t e  choice of t h e  maneuver component cormal t o  t h e  c r i t i c a l  plane.  

Th i s  paper con ta ins  

%sigr, of t h e  t e r m i c a l  descen t  encompasses 

'This  work was per fomed u F d e r  Co?:tract 950C56 with t h e  J e t  Propuls ion 
Labor3tory.  C ~ l i f o r n i a  I r s t i t u t e  of Tech*:olop;y, ur;der Con t rec t  No. NAS7-100 
sForsore3 by t h e  R a t i o r a l  Aerovautizs an3 Space r- .dministration. The paper 
i s  4er ived from AIM papers I?&. i;b:6ld+-apWd 64'-65k q?rebehte4 "3t Atk%'AfAA/ ION 
Astrodyramics Guidance scd C o r t r o l  Cor>ference, Los Anceles, Aug. 24-26, 1964. 

2Clssociate Mar.ai;er, Surveyor System Ara lys i s  Laboratory 

3Seni o r  Frc  j ec t Engineer 

S e n i o r  Staff  Engineer 4 

N 
0 

s (ACCESSION NUMBER) - 
U 
0 

> 
(PAGES) 

(CATEGORY) 

i &9053q 
(NASA CR OR TMX OR AD NUMBER) 

https://ntrs.nasa.gov/search.jsp?R=19670003873 2018-05-25T16:22:04+00:00Z



I. I.llSSI.01~ PROFILE 

The spacec ra f t  i s  launched from Cape Kernedy i n t o  a 66 hour t r a n s - l u n a r  

t r a j e c t o r y .  The nominal t r a j e c t o r y  is t a r g e t e d  t o  a r r i v e  a t  a p rese l ec t ed  

l and ing  s i t e  wi th  a n  accep tab le  approach v e l o c i t y  and at a t i m e  which allaws 

pre-  and pos t - inpac t  observat ion and command t o  be c a r r i e d  o u t  from the t r ack -  

i n g  s t a t i o n  a t  S o l d s t o r e ,  C a l i f o r n i a .  A f t e r  launch, t r a c k i n g  d a t a  from t h e  

DSIF (Deep Space I r s t rumen ta t ion  F a c i l i t y )  retwork i s  s e n t  t o  t h e  Space F l i g h t  

0perat ior .s  F a c i l i t y  i n  Pasadera,  Calif. f o r  determinat ion of t h e  i n j e c t i o n  

c o n d i t i o n s .  A s i n g l e  midcourse c o r r e c t i o n  is  made du r ing  t h e  f i rs t  pass  over 

Coldstone t o  c o r r e c t  miss as well as t o  e s t a b l i s h  approach cond i t ions  which 

mExirnize t h e  p r o b a b i l i t y  of a s u c c e s s f u l  t e rmina l  descen t .  Th i s  c o r r e c t i o n  i s  

made by a s e t  of t h r e e  t h r o t t l a b l e  l i q u i d  prope1lar.t e:.gires (.ier?.ier eng ices ) ,  

a l s o  u s e d  during t h e  t e rmina l  descec t .  Followin8 t h e  midcourse c o r r e c t i o n ,  

t r a c k i n g  is  res-med u n t i l  s e v e r a l  hours p r i o r  t o  i n i t i a t i o n  of t h e  t e r m i n a l  

mareuver. The t h r u s t  axis i s  then al igned with t h e  v e l o c i t y  vec to r ,  follow- 

i n g  which a plilse-type r ada r  marks a t  a given d i s t a n c e  from t h e  luna r  s u r f a c e ,  

t he reby  t r i g g e r i n g  i g n i t i o n  of t h e  v e r n i e r  and then t h e  s o l i d  p r o p e l l a n t  main 

r e t r o  engine.  

b 

During main-retro burning, t h e  t h r u s t  a t t i t u d e  is  held f ixed  by d i f f e r -  

e n t i a l  t h r o t t l i n g  of t h e  v e r n i e r  engir,es. An accelerometer  switch senses 

t h r u s t  decay p r i o r  t o  r e t r o  bumout  and t r i g g e r s  t he  subsequent s e p a r a t i o n  of 

t h e  m a i n  r e t r o  c a s e .  After  s epa ra t ion ,  a four-beam a l t ime te r -dopp le r  radar 

system, known a s  t h e  RADVS (Radar Altimeter Doppler Ve loc i ty  Sensor) begins 

sea rch  t o  acqu i r e  the  v e l o c i t y  vector and t h e  range a long  t h e  t h r u s t  axis  t o  



i '  

t h e  1ur:ar s u r f a c e .  S fau i t aneous ly ,  tile th rLs t  a c c e i e r a t i o c  is  r e d x e d  t o  t h e  

minimum value of 0.9 luna r  g ,  sensed by a l o n g i t u d i n a l  accelerometer .  After 

v e l o c i t y  a c q u i s i t i o n ,  t h e  t h r u s t  d i r e c t i o n  is  al igned t o  t h e  v e l o c i t y  vector ,  

e s t a b l i s h i n g  D Gravi ty  t u r n  f o r  t h e  remainder of t h e  descen t .  

a c q u i s i t i o n ,  a v e l o c i t y  e r r o r  s i g n a l  is generated by comparing t h e  measured 

After range 

v e l o c i t y  a long t h e  t h r u s t  ax is  w i t h  the des i r ed  v e l o c i t y ,  a simple nonl inear  

func t ion  of t h e  measured range, which w i l l  be r e f e r r e d  to as t h e  "Descent 

Contour." 

value on t h e  contour ,  and t h e  t h r u s t  a c c e l e r a t i o n  remains a t  0.9 g .  Near t h e  

descent  coztour ,  t h e  t h r u s t  i nc reases ,  and t h e  a c t u a l  range-veloci ty  p r o f i l e  

The measured v e l o c i t y  i s  i n i t i a l l y  lower than t h e  corresponding 

c l o s e l y  follows t h e  contour u n t i l  a v e l o c i t y  of 10 f t . / s e c .  is reached near 50 

f t .  a l t i t u d e .  The veh ic l e  a t t i t u d e ,  n e a r l y  v e r t i c a l  a t  t h i s  time due t o  the  e f f e c t  

of t h e  g r a v i t y  t u r n ,  goes i n t o  i n e r t i a l  h o l d  ard a des i r ed  descent  v e l o c i t y  of 

f i v e  f e e t  per sec0r.d is  commended. About 13 ft. a"uove t h e  su r face ,  the ver- 

nier e n g i r e s  a r e  c u t  o f f ;  and t h e  spacec ra f t  f a l l s  t o  t h e  su r face ,  landing with 

a v e l o c i t y  c e a r  13 f t  . /sec .  
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The approach peometry is shown i n  F ig .  1. The system w i l l  accomqodate 

approach t r a j e c t o r i e s  which d e v i a t e  from t h e  v e r t i c a l  by a n  angle $* up t o  45 

deg.  

i n  t h e  v i c i n i t y  of 40  deg.  w e s t  l ong i tude .  The r a t i o  of t h e  c e n t r a l  anr:lc 

( see  F i g .  1) t o  t h e  approach f l i c h t  path 

b i l i t y  over most of t h e  w e s t e r n  s e c t o r  of t h e  v i s i b l e  hemisphere, as  w e l l  8s 

a p o r t i o n  of t h e  e a s t e r n  s e c t o r .  

For  66-hour t r a j e c t o r i e s ,  t h e  r.orma1 impact p o i n t  PI is  near t h e  equa to r  

i s  about l . l + ,  eivir!g landing c a p -  

To keep t h e  a r r i v a l  t i m e  w i t h i n  the Goldstone v i s i b i l i t y  vindows, t h e  

system must be designed t o  acco r ioda te  a v a r i a t i o n  i n  a r r i v a l  v e l o c i t i e s ,  

c h a r a c t e r i z e d  by t h e  v e l o c i t y  'J of an mbraked veh ic l e  a t  i npac t .  F ig .  2 

shows t h e  r e l a t i o n  between Goldstone v i s i b i l i t y  and a r r i v a l  v e l o c i t y  f o r  a par- 

t i c u l a r  launch day. The t r u r x a t e d  s inusoid shows t h e  e l e v a t i o n  of t h e  moon 

abo,Je t h e  horizon a t  Goldstor,e ve r sus  Greerwich mean t i m e  (GMT).  

5 deg.  f o r  l o c a l  t e r r a in  c l ea rance ,  p l u s  60 min. f o r  p r e h n d i n g  and 180 min. 

f o r  post- landipg ope ra t iocs ,  l eaves  t h e  a r r i v a l  window shown. The upper two 

curves show t h e  corresponding unbraked impact v e l o c i t y  as a func t ion  of a r r i v a l  

time f o r  t h e  l i m i t i n g  pe rmis s ib l e  values of launch azimuth. These l a t t e r  re- 

s t r i c t i o n s  a r i s e  from range s a f e t y  and in s t rumen ta t ion  cons ide ra t ions .  The 

resu1t i r .g  rar.ge of a r r i v a l  v e l o c i t i e s  which m u s t  be co t s ide red  from the tra- 

j e c t o r y  po in t  of view l i e  be tween poir, ts  B and C .  However, t h e  t e r m i n a l  de- 

s c e n t  system may not be able  t o  acconnodate t h i s  en t i r e  racge. It  w i l l  be 

shown t h a t  s e r s o r  c o n s t r a i n t s  l i m i t  the accep tab le  range of main r e t r o  burn- 

out. v e l o c i t i e s  and t h a t  t h i s  range must provide not on ly  f o r  v a r i a t i o n s  i n  

i 

Allowing 
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a r r i v a l  v e l o c i t y ,  b u t  a l s o  f o r  burnout v e l o c i t y  v a r i a t i o n s  due t o  weight changes 

a t  midcourse.  

F i g .  3 shows t h e  important 'sensor and propuls ion c o n s t r a i n t s  on a range- 

v e l o c i t y  diagram, a p p l i c a b l e  t o  t h e  ve rn ie r  phase of t h e  descent .  The equation. . 

of t h e  descen t  parabola  i s  

v2 = 

where V i s  v e l o c i t y ,  R s l a n t  range 

t o r ,  g l u n a r  g r a v i t y  and a is a m a x  

t o  t h e  luna r  su r face  along t h e  v e l o c i t y  vec- 

t h r u s t  a c c e l e r a t i o n  chosen on the  b a s i s  of 

v e r n i e r  engine t h r u s t  c a p a b i l i t y  and allowances f o r  a t t i t u d e  c o n t r o l  r equ i r e -  

n e n t s  and senso r  requirements .  

nents S!-.OW-I are used  i n  p l ece  of t h e  parabola .  To a s s u r e  s u f f i c i e n t  v e r n i e r  

For  s i m p l i c i t y  of mechanization, t h e  l i n e  seg- 

t h r u s t  c a p a b i l i t y  t o  s o f t - l a n d ,  t h e  p r o b a b i l i t y  of the main r e t r o  phase termi- 

n a t i n g  below t h i s  co r tou r  must be n e g l i g i b l y  small. 

The doppler  po r t ion  of t h e  9ADVS has acceptab le  accuracy up t o  700 f t / s e c ,  

w i t h  a range c a p a b i l i t y  of about  50,000 f t .  The a l t i m e t e r  po r t ion  has a c e i l i n g  

of 40,000 f t .  due  t o  s igna l - to -no i se  cons ide ra t ions ,  and i s  f u r t h e r  l i m i t e d ,  due 

t o  c i r c u i t  d e s i c n  c h a r a c t e r i s t i c s ,  by t h e  downward s lop ing  l i n e  shown. This 

does n o t  mean, however, t h a t  burpout may no t  occur above t he  a l t i m e t e r  l i m i t s .  

The a l t i m e t e r  o1,itput i s  not requi red  u n t i l  t h e  s p a c e c r a f t  is i n  the  v i c i n i t y  of 

the descen t  contour ;  o therwise ,  minimum a c c e l e r a t i o n  is au tomat i ca l ly  commanded. 

* 

A t  l o w  burnout v e l o c i t i e s ,  nn in  r e t r o  po in t ing  e r r o r s  cause l a r g e  d i s p e r -  

s i o n s  i n  ?he burr.oyt f l i g h t  pa th  a r g l e .  For  s a t i s f a c t o r y  r ada r  ope ra t ion  i n  

t h e  g r a v i t y  t u r r ,  mode, t h i s  angle  must l i e  w i t h i n  45 deg .  of t h e  v e r t i c a l  and 
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. 
- * .  

t h e r e  i s  a f u r t h e r  r e s t r i c t i o n  on t h e  angles  between t h e  r ada r  beans and the 

v e l o c i t y  v e c t o r .  

c o r s t r a i n t s  d e f i n e  a minimum accegtable  burnout v e l o c i t y .  

I t  w i l l  be seen t h a t  t h e s e  burnout a t t i t u d e  and f l i g h t  path 

4 

c 
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111. ANALYSIS OF TIIE TERMINAL DESCENT 

The msin r e t r o  engine i s  s ized such t h a t  burnout w i l l  occur wi th in  t h e  

al lowable region def ined by senso r  and propulsion c o n s t r a i c t s .  I t  is neces- 

s a r y  t o  provide f o r  t h e  required range of approach v e l o c i t i e s ,  d i s p e r s i o n s  i n  

engine c h a r a c t e r i s t i c s ,  and f o r  veh ic l e  weight v a r i a t i o n s  due t o  f u e l  expended 

i n  performing t h e  midcourse maneuver. 

For  a v e r t i c a l d e s c e n t , t h e  burr.out v e l o c i t y  is  given i n  terms of  t h e  

i g n i t i o n  v e l o c i t y  V and We r e t r o  eegine c h a r a c t e r i s t i c  v e l o c i t y  AV by 
0 

where g is luna r  g r a v i t y ,  t is t h e  burning t i m e ,  and the c i i a r r i c t e r i a t i c  

v e l o c i t y  i s  given by 

W 

W 
0 AV = c ln-  
BO 

where <: and w are t h e  veh ic l e  weights a t  ign 
0 BO 

(3 )  

t i o n  and burnout and c is t ne 

exhaust  v e l o c i t y  ( p r o p o r t i o n a l  t o  s p e c i f i c  impulse).  

t h e  s i t u a t i o n  i s  descr ibed by t h e  vector  diagram shown i n  F i g .  4 .  

For off - v e r t i c a l  ca ses  

The principal sources  of v e l o c i t y  d i s p e r s i o n  are imperfect  alignment of 

t h e  v e h i c l e  p r i o r  t o  r e t r o  i g n i t i o n  and t h e  v a r i a b i l i t y  of t o t a l  impulse. 

These v a r i a t i o n s  cause d i spe r s ions  cha rac t e r i zed  i n  F ig .  4 by a 99 pe rcen t  



. .. 

d i s p e r s i o n  e l l i p s o i d .  

t h a t  t h e  burnout v e l o c i t y  ranges from 1/10 t o  1/40 of t h e  i g n i t i o n  v e l o c i t y ,  

and t h e  g r a v i t y  loss  g t  i s  o f  t h e  sane o rde r  of magnitude. 

alignment e r r o r  (about one degree) causes l a r g e  v a r i a t i o n s  i n  burnout flight 

pa th  ang le ,  with t h e  s i t u a t i o n  becoming more severe a s  t h e  burnout v e l o c i t y  

dec reases .  

mer.tioned previously,  the minimum allowable nominal burnout v e l o c i t y  m u s t  be 

r e s t r i c t e d  t o  about 250 f p s  i n  the v e r t i c a l  case and 300 f p s  f o r  45-deg 

approach ang le s .  

Yote t h a t  the s c a l e  of t h e  figure is  exaggerated and 

It  i s  seen t h a t  

To avoid v i o l a t i n g  the  burnout a t t i t u d e  erd f l i g h t  p a t h  c o n s t r a i n t s  

1 The range of burnout v e l o c i t i e s  due t o  main r e t r o  d i s p e r s i o n s  , t u r n s  

ou t  t o  be about 125 fps ( 3  sigma), l a r g e l y  t h e  r e s u l t  of main r e t r o  t o t a l  

impulse unce r t a in ty .  Thus, t h e  maximum nominal burnout v e l o c i t y  must be 

less than  575 fps, based on t h e  radar  l i m i t  of 'iW f p s .  

For a v e r t i c a l  descent,  t h e  burnout a l t i t u d e  i s  given by 

1 2  hm = ho - V t + AD -zgt 
0 

where t h e  c h a r a c t e r i s t i c  d i s t a n c e  AD Is 

arid T i s  t h e  r e t r o  e r g i n e  t h r u s t  (assumed c o n s t a n t ) .  

I I n  t h e  t e r m i n a l  descent  system design, t h e  midcourse c o r r e c t i o n  is  t r e a t e d  
as a d e t e r m i n i s t i c  q u a n t i t y .  To a p a r t i c u l a r  c o r r e c t i o n ,  corresponds a 
nominal burnout v e l o c i t y ,  with d i spe r s ions  about t h i s  value occur r ing  due 
t o  r e t r o  phase u n c e r t a i n t i e s .  

-8- 



For o f f - v e r t i c a l  approaches, a v e c t o r  diagram s l m l l n r  t o  Fig.  4 can be 

used. 

c h i e f l y  by t h e  v a r i a t i o n  i n  t h e  r e t r c  englfle t.hrtlst l e v e l  due t o  unpredict-  

a b l e  t e n p e r a t u r e  v a r i a t i o n s .  For l a rge  o f f - v e r t i c a l  approaches,  t h r u s t  

v e c t o r  misal ipznent  a l s o  has a s i g n i f i c a n t  e f f e c t .  

The p r i n c i p a l  po in t  of i n t e r e s t  is t h e  a l t i t u d e  d i s p e r s i o n ,  caused 

A complete a n a l y s i s  of d i spe r s ions  due t o  a l l  e r r o r  sou rces  i s  given 

i n  Ref 1. The r e s u l t  of such an ana lys i s  is  t h e  99$ d i s p e r s i o n  e l l i p s e s  

I 
shown i n  F i g  3 .  

a l t i t u d e ,  and hence i g n i t i o n  a l t i t u d e ,  fol lows from t h e  requirement t h a t  

t h e  p r o b a b i l i t y  of burning out within t h e  c o n s t r a i n t s  s h a l l  be a t  least  0.99. 

Once t h e s e  e l l i p s e s  are determined, t h e  r equ i r ed  burnout 

Main Retro S i z i n g  
~ 

The main r e t r o  p rope l l an t  loading i s  determined such t h a t  f o r  t h e  

h e a v i e s t  p o s s i b l e  v e h i c l e  ( n o  midcourse c o r r e c t i o n )  approaching a t  t h e  

h i g h e s t  p o s s i b l e  v e l o c i t y ,  burnout occurs a t  t h e  h i g h e s t  p o s s i b l e  speed, 

t h a t  is, a t  t h e  r a d a r  l i m i t  of 700 fps  less t h e  9% d i s p e r s i o n  of 125 f p s .  

Th i s  p o l i c y  al lows t h e  m a x i m u m  possible  r educ t ion  i n  burnout v e l o c i t y  due t o  

v a r i a t i o n s  i n  approach speed and midcourse c o r r e c t i o n .  

of burnout v e l o c i t y  t o  i n i t i a l  weight i s  about 6 f p s / l b ,  a 22 lb midcourse 

c o r r e c t i o n  reduces t h e  nominal burnout v e l o c i t y  f r o n  575 t o  443 f p s .  This 

Since t h e  s e n s i t i v i t y  

leaves 143 fps  p o s s i b l e  v a r i a t i o n s  i n  approach v e l o c i t y  be fo re  t h e  300 f p s  

%or Surveyor, t h e  d i s p e r s i o n  e l l i p s e s  are i n s e n s i t i v e  t o  t h e  l o c a t i o n  of the 
nominal burnout p o i n t  i n  t h e  a l t i t u d e - v e l o c i t y  p l ane .  



. c 

l i m i t  imposed by burnout s t t i t u d e  c o n s t r a i n t s  i s  reached. As t h e  r equ i r ed  

midcourse xareuver  is increased ,  the  a l lowsble  v a r i a t i o n  i n  approach v e l o c i t y  

i s  cor respondingly  reduced. 

4 

The 143 f p s  v a r i a t i o n  may not be s u f f i c i e n t  t o  accomodate  t h e  requi red  

unbraked inpac t  v e l o c i t y  range discussed p rev ious ly .  Tn t h a t  case ,  b a l l a s t  

may be provided t o  inc rease  t h e  burnout v e l o c i t y  when t h e  approach v e l o c i t y  

i s  low. S ince ,  f o r  low approach v e l o c i t i e s ,  t h e  requi red  i n J e c t i o n  energy  

is  low, t h e  boos te r  can handle the a d d i t i o n a l  weight .  Furthermore, t h e  

b a l l a s t  i s  a t tached  t o  t h e  main r e t r o  case ,  which i s  e j e c t e d ;  hence, t h e  

v e r n i e r  f u e l  requirement i s  not a f f e c t e d .  

The main r e t r o  i g n i t i o n  a l t i t u d e  is based on t h e  requirement that burn- 

o u t  occur  s u f f i c i e n t l y  above t h e  descent  contour  ( F i g  3) t o  a l low t i m e  t o  

a l i g n  t h e  t h r u s t  axis wi th  t h e  v e l o c i t y  v e c t o r  be fo re  t h e  t r a J e c t o r y  i n t e r -  

s e c t s  t h e  contour .  

a l l ow f o r  a l t i t u d e  d i s p e r s i o n s  plus an alignment t i m e  depending on t h e  

maximum angle  between t h e  f l i g h t  path and r o l l  a x i s  a t  burnout .  

A "r.ominal burnout locus"  i s  the reby  eg tab l i shed  t o  

Vernier  Fuel  Analysis  

The m e x i m u m  v e r n i e r  f u e l  expendi ture  occurs  when t h e  f u e l  consumed at 

midcourse i s  a l s o  maximum. The design phi losophy 'chosen is t o  provide 

enough f u e l  t h a t ,  g iven a maxirr.um midcourse c o r r e c t i o n ,  t h e  p r o b a b i l i t y  of 

not  running out  i s  a t  l e a s t  0.99. One way of doing t h i s  i s  t o  examine t h e  

f u e l  requi red  f o r  p o i n t s  on t h e  99$1 d i s p e r s i o n  e l l i p se  and t o  provide 

- -  

enough f;el f o r  t h e  worst  ca se .  I n  odd i t ion ,  d i s p e r s i o n s  i n  s p e c i f i c  
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impulse, mixture r a t i o  and o t h e r  f a c t o r s  m u s t  be provided for. 

zpproach t o  t h i s  problem is  t o  provide f o r  t h e  nDminal f u e l  c o n s m p t i o n  

A reasonable 

1 

s i o n s .  The d i f f e r e n c e  between the nominal conampt ion  and t h a t  r equ i r ed  

for descent  from t h e  worst po in t  on t h e  d i s p e r s i o n  e l l i p s e  i s  t r e a t e d  a l s o  

i n  t h e  RSS sense .  

Based on such an ana lys i s ,  ve rn ie r  f u e l  requirement curves as shown i n  

F i g  5 can be determined. These curves i n d i c a t e  t h e  m o u n t  of p r o p e l l a n t  

r equ i r ed  as a funct ion of midcourse c o r r e c t i o n  and burnoat velocity (OF 

unbraked impnct v e l o c i t y ) .  

on t h i s  f i g u r e  t o  the maximum midcourse c o r r e c t i o n  and t h e  maximum unbraked 

impact v e l o c i t y .  

a l l n t t , e d  t o  dispersions. This procedure: a l though convenient t o  apply,  is 

based on a s u b s t a n t i a l  s i m p l i f i c a t i o n  of t h e  t r u e  s t a t i s t i c a l  problem. I n  

p a r t i c u l a r ,  basing requirements on t h e  worst p o i n t  on a d i s p e r s i o n  e l l i p s e  

seems conservat ive,  since some po in t s  o u t s i d e  the ell ipse r e s u l t  i n  less 

f u e l  consumption. Also, d i spe r s ions  due t o  s p e c i f i c  impulse and oxygen- 

f u e l  mixture r a t i o  u n c e r t a i n t i e s  depend on t h e  a c t u a l  f u e l  burned, which 

The amount of f u e l  t o  be p r w i d e d  corresponds 

Figure 6 ind ica t e s  t h e  p o r t i o n  of t h e  t o t a l  p r o p e l l a n t  

i t s e l f  i s  a random v a r i a b l e .  To b e t t e r  understand t h e  approximations of 

t h e  s i m p l i f i e d  a n a l y s i s ,  a Monte-Carlo s imula t ion  of t h e  t e r m i n a l  descen t  

l"I.:ominal" refers t o  t h e  f u e l  requi red  t o  descend from t h e  c e n t e r  of the 
d i s p e r s i o n  e l l i p s e  correspcnding t o  a m a x i m u m  midcourse f u e l  consumption. 
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has  been developed, which employs a s impl i f i ed  a n a l y t i c a l  model 1 , which, 

though not accurate  enough f o r  all purposes, i s  adequate f o r  f u e l  conputations.  

With t h i s  m d e l ,  l0N i(escents can be cnmputed i n  about. half  a n inu te ,  and 

it becomes feasible t o  generate  the var ious random q u a n t i t i e s  i n d i v i d u a l l y  

f o r  each run and d i r e c t l y  cocpute t h e  p r o b a b i l i t y  of having enoclgh f u e l  a6 

a funct ion of  t h e  fuel loading.  Based on a 99$ p r o b a b i l i t y  of success,  t h e  

f u e l  requirement, based on t h e  Monte Car lo  model, i s  about two pounds less 

t h a n  t h e  corresponding values  f r o m  Fig 5, which conf i rns  t h e  adequacy of 

t h e  more s impl i f i ed  procedure f o r  prel iminary work. 

Vern ie r  Phase Guidance 

The guidance method used during the v e r n i e r  phase c o n s i s t s  of (a) 

c o n t i n u a l  alignment of t h e  t h r u s t  v e c t o r  along t h e  v e l o c i t y  v e c t o r  and 

(b )  t h r u s t  a c c e l e r a t i o n  c o n t r o l  i n  accordance with t h e  nominal r equ i r ed  

v e l o c i t y  versus s l a n t  range "descent contour" (F ig  3 ) .  

t r o l  l a w  (a), a g r a v i t y  t u r n t  begins a f te r  the  i n i t i a l  t h r u s t  axis po in t ing  

e r r o r  has  been corrected.  

The a t t i t u d e  con- 

L 

For all a c c e l e r a t i o n  l e v e l s ,  the gravity t u r n  

h a s  t h e  d e s i r a b l e  p rope r ty  t h a t ,  as t h e  v e l o c i t y  approaches zero, the f l i g h t  

p a t h  and t h r u s t  d i r e c t i o n  approach v e r t i c a l .  The t h r u s t  control law 

(b )  in su res  t h a t  t h e  c u t o f f  v e l o c i t y  of  5 f t / s e c  is  reached at t h e  desired 

t e r m i n a l  a l t i t u d e .  

"The procedure descr ibed previously uses a p r e c i s e  model of .the t e r m i n a l  
descent ,  which r e q u i r e s  numerizal i n t e g r a t i o n  and uses about 30 seconds of 
computing tine (IBM 7094) per run. 
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For a g r a v i t y  t u r n  descent  i n  a uniform g r a v i t a t i o n a l  f i e l d ,  the 

equa t ions  of motion are 

dV - = -a + g cos $ d t  

where V i s  t h e  magnitude of the v e l o c i t y  v e c t o r  and $ the angle it makes 

w i t h  t h e  downward v e r t i c a l .  When t h e  t h r u s t  a c c e l e r a t i o n  a i s  constant ,  

the s o l u t i o n  i s  found by d iv id ing  

and i n t e g r a t i n g .  

cond i t ions  V and $,: 

(6) by (7), s e p a r a t i n g  the v a r i a b l e s  

The r e s u l t i n g  expres s ion  relates V and $' t o  the i n i t i a l  

0 

a - - 1  
V sec 

2 

From (7) and (8) t h e  a t t i t u d e  rate is 

If a/g > 2, as i s  the  case during t h e  major p o r t i o n  of t h e  descen t  fol lowing 

t h e  minumun a c c e l e r a t i o n  phase, ( 9 )  i n d i c a t e s  t h a t  d*/dt d ive rges  as $ 

approaches zero.  Since t h e  v e h i c l e  t u r n i n g  rate i s  l i m i t e d  due t o  f i n i t e  

gyro to rqu ing  c a p a b i l i t y ,  it i s  Important t o  have a descent  contour which 
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allows R reduced t h r u s t  a c c e l e r a t i o n  ( q g )  near  the end of t h e  c losed  loop 

guidance phase.  

s t r a i g h t  l i n c  s z g m n t  passing through the o r i g i n  of the range-ve loc i ty  plane. 

As w i l l  be shown l a t e r ,  t h i s  i s  accomplished by a f i n a l  

The minimum a c c e l e r a t i o n  (0.9 l una r  g)  g r a v i t y  t u r n  starts from a v e l o c i t y  

which depends on t h e  main r e t r o  c h a r a c t e r i s t i c  v e l o c i t y  and t h r u s t  a t t i t u d e .  

This phase t e rmina te s  a t  t h e  descent  contour  wi th  on ly  a s m a l l  change i n  

v e l o c i t y .  

v e l o c i t y  is  s l i g h t l y  h i g h e r  t h a n  the  i n i t i a l  because the t h r u s t  a c c e l e r a t i o n  

i s  less t han  one l u n a r  g.  

P C Z ~  (a /g) ,  t he  r i g h t  side of (6) w i l l  be negative and t h e  v e l i c i t y  w i l l  first 

dec rease  u n t i l  1Jr = cos (a/g) and then will g r a d u a l l y  i n c r e a s e  as J( approaches 

zero. 

If t h e  i n i t i a l  f l i g h t  path i s  n e a r l y  v e r t i c a l ,  the i n t e r s e c t i o n  

If t h e  i n i t i a l  f l i g h t  pa th  i s  g r e a t e r  t h a n  

-1 

I n  t h e  v i c i n i t y  of t h e  descent  contour ,  t h e  t h r u s t  a c c e l e r a t i o n  command 

i s  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  error, de f ined  as t h e  d i f f e r e n c e  between the 

measured v e l o c i t y  V along t h e  t h r u s t i n g  d i r e c t i o n  and t h e  r equ i r ed  v e l o c i t y  

V corresponding t o  t h e  measured s l a n t  range,  as shown i n  F i g . 7 .  

c h a r a c t e r i s t i c  r e l a t i n g  t h r u s t  a c c e l e r a t i o n  command and v e l o c i t y  e r r o r  con ta ins  

a l i n e a r  reg ion ,  which prevents  no ise  induced c h a t t e r i n g  between the t h r u s t  

l i m i t s .  

z 
The r e s u l t i n g  

The v e l o c i t y ,  Vs, of i n t e r s e c t i o n  wi th  t h e  descent  contour  i s  v a r i a b l e ,  

depending on midcourse and r e t r o  d i s p e r s i o n s .  If i n t e r s e c t i o n  occurs  c l o s e  

t o  t h e  upper end of a p a r t i c u l a r  segnent (Fig.  3), t h e  a c c e l e r a t i o n  s a t u r a t e s ,  

and t h e  t r a j e c t o r y  sags  below t h e  segment, r e t u r n i n g  t o  it a t  a lower v e l o c i t y ,  



a t  which po in t  t h e  a c c e l e r a t i o n  i s  reduced t o  t h e  value r equ i r ed  t o  remain 
va, 

on t h e  segment. This  a c c e l e r a t i o n  is given approximately by 

+ g  
dV v2 - a a V -  + g = V 

R2 - R1 dR 

where s u b s c r i p t s  1 m? 2 denote t h e  lower and upper ends of t h e  segment. The 

v e l o c i t y  V depends on V . and t o  a lesser e x t e n t  on the  f l i g h t  path ang le  $ a S 6 

I n  g e n e r a l ,  the  h i g h e r  t h e  va lues  of Vs and $ s, t h e  lower V 

f i n i t e  t r a c k i n g  pe r iod  a f t e r  r e a c q u i s i t i o n  of t h e  segment i s  d e s i r a b l e  t o  

i n s u r e  t h a t  t h e  t r a j e c t o r y  develops a s i m i l a r  two-phase c h a r a c t e r i s t i c  along 

the  fo l lowing  segments. This guarantees  t h a t  t h e r e  w i l l  subsequent ly  be 

enoEgh a c c e l e r a t i o n  c a p a b i l i t y  t o  s o f t - l a n d .  

a long  t h e  p a r a b o l i c  contour i s  based, t h e r e f o r e ,  p a r t l y  on meeting c e r t a i n  

minimum t r a c k i n g  pe r iod  requirements a long  each s e g m n t .  Other c o n s i d e r a t i o n s  

i n  t h e  descen t  contour design a r i s e  from t h e  e f f e c t s  of s u r f a c e  slope, sys- 

t e m  e r r o r s ,  and r a d a r  noise ,  which a l s o  in f luence  t h e  r equ i r ed  margin between 

t h e  upper a c c e l e r a t i o n  l i m i t  and the  nominal a c c e l e r a t i o n  level.  

tend6 t o  be.. A a 

The placement of t h e  .end p o i n t s  

The f i n a l  segment and an a s soc ia t ed  t r a j e c t o r y  are shown i n  F ig .8 .  The 

v e l o c i t y  V a t  t h e  t o p  of t h e  segment, i s  low enough s o  t h a t  t h e r e  is a 

n e g l i g i b l e  p r o b a b i l i t y  of t h e  minimum a c c e l e r a t i o n  phase t e rmina t ing  on the 

f i n a l  segment. 

have reduced t h e  f l i g h t  p a t h  JI t o  a small value a t  Po, so t h e  subsequent 

d e s c e n t  can be considered v e r t i c a l .  The a c c e l e r a t i o n  r equ i r ed  t o  remain on 

0’ 

For n o s t  main-retro burnout cond i t ions ,  t h e  g r a v i t y  t u r n  w i l l  
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t h e  f i n a l  segment ( o r  any s t r a i g h t  l i n e  pas s ing  through t h e  o r i g i n )  is 

readi ly  shown t o  be 

V 
-0 a = V - +  g 
Ro 

Hence, the  required a c c e l e r a t i o n  approaches one l u n a r  g as the v e l o c i t y  

approaches zero. A s  noted above, t h i s  r e d u c t i o n  i n  a c c e l e r a t i o n  t o  less 

than  2 l u n a r  g ' s  i s  r equ i r ed  t o  keep t h e  t u r n i n g  rate w i t h i n  acceptable  

bounds. 

The t r a j e c t o r y  along t h e  f i n a l  segment shows a s a t u r a t e d  and then  a 

t r a c k i n g  po r t ion  u n t i l  t h e  v e l o c i t y  r eaches  t h e  preset value V 

The r e q u i r e d  v e l o c i t y  i s  then  switched t o  the cons t an t  value Vc of 5 ft/sec 

and t h e  v e h i c l e  a t t i t u d e  t o  i n e r t i a l  h o l d .  After po in t  B a s h o r t  t r a n s i e n t  

occurs  du r ing  which t h e  a c c e l e r a t i o n  i s  momentarily s a t u r a t e d ;  t hen  the 

a c c e l e r a t i o n  is reduced t o  one luna r  g f o r  a cons t an t  v e l o c i t y  descent  

( 5 f t / s e c )  which compensates f o r  p r i o r  a l t i t u d e  e r r o r s .  

of 10 ft/sec. b 

When t h e  measured a l t i t u d e  reaches R ( p r e s e n t l y  13 f t )  t h e  engines  are 
C 

s h u t  off  and t h e  v e h i c l e  f a l l s  t o  the  l u n a r  su r face ,  impacting nominally a t  

12.8 f t / s e c ,  with small e r r o r s  (about 2 f t / s e c ) ,  a r i s i n g  from t h e  r a d a r  

measurements a t  shu t -o f f .  
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The landing is ncminally v e r t i c a l ;  however, h o r i z o n t a l  v e l o c i t y  d i spe r -  

s i o n s  arise from (1) Eeasurenent e r r o r  i n  t h e  doppler system r e s u l t i n g  i n  a 

v e h c i t y  e r ro r  n n r n a l  t o  the t h r u s t  axis, and (2) non-ve r t i ca l  a t t i t u d e  at  

p o i n t  B, due t o  a t t i t u d e  t r a n s i e n t s  and t e rmina t ion  of t h e  g r a v i t y  t u r n  a t ’  * 

s f i n i t e  v e l o c i t y .  Since t h e  a t t i t u d e  a t  po in t  B i s  i n e r t i a l l y  held 

throughout t h e  remainder of powered descent  u n t i l  c u t o f f ,  t h e s e  e r r o r  sources 

can cause a s i g n i f i c a n t  l a t e r a l  v e l o c i t y  a t  touchdown. 

gear  must be designed t o  withstand t h i s  v e l o c i t y  without  toppl ing .  

The v e h i c l e  landing 

1 
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A cumber of midcourse gaidance techniques have been presented previousl:,, 293 

most of which tend to  t r ea t  ml; t h e  problem of correct i rg  tke trejectory 

to  1ar.d a t  the desired s i t e .  If additional t e m i n a l  considerations are taken 

in to  account, i t  i s  to  the extent of correcting miss and f l igh t - t ime or  miss 

arid impact velocity. One discovers, however, that  other tcrminal considera- 

tiorxi, such as radar performance limitation, fuel  requirement, time availaLle 

for  spacecraft com~.and, and sc ien t i f ic  experinents a l l  have a strong influence 

on overal l  mission success. 

controlled,  t o  I cer tain extent, by the magnitude and direction of the midcourse 

correction. 

Various termical parameters of i n t e re s t  can be 

Lucar X i s s  Coordinates 

???e Li.irIar miss j s  specified i n  terms of t t e  coriJentiona1 miss parameter, 

4 or  B vector , i n  the R - S - T coordinate siistern ( F i g u r e  9).  The miss 

parmeter  i s  defined from the center of the moon perpendicular t o  the incoming 

asjmptote of the lunar approach hyperbola. T is defined here as a u n i t  vector 

which l i e s  along the intersection of the earth's equatorial  plane and the pl-.ne 

norrral t o  the asymptote. R is a u n i t  vector normal to  both T and a u n i t  

vect,or S along the inconing asymptote. The €3 vector i s  therefore specified 

b; i t ' s  coxponents B and B i n  t h e  R and l" directions.  R T 
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Critical Fiar.e Correct-ion 

,?The e f f e c t  of a midcourse velocity-'ir.crer.Pr *, A v  = (A? , A.> , on .n m 

t.he miss pa rane te r  i s  given, t o  f i r s t  o rde r ,  by 

where t h e  compor.ents of AV 

m' system Xm, Y 

a r e  expressed i n  3 rec ta r -gular  car tes lay.  coordirate 

Zm, arid P der.otes t h e  g r a d i e n t  with rispect t o  these coordina',es. 

m 

In  t h e  same manner chariges i n  the impact. v e l o c i t y  a r d  f l i g h t  t i m e  are 

given by 

The maximm chapge i n  B 

VBR, t h e  s o - c a l l e d  c r i t i c a l  plane,  defined by i t s  urit yormal 

a rd  B occiirs wher Av lies fr, +.he p lane  of VB, and T €3 m J- 

A pert .urbat ion alorg u As a 

r e s u l t ,  +,he d i r e c t i o r .  of i s  sometines c a l l e d  +?.e nor - c r i t i c a l  d i r ec t io rL .  

will make no f i r s t  o r d e r  c ~ s : ~ : _ P  i n  B, and Bs. 3 

3 

The sepse of u i s  def ined such  t h s t  a posit,',ve Uj component, of the 
3 

midcourse c o r r e c t i o n  causes a n  iricrease i n  flight time. 



The c r i t i c a l  plane maneuver A V  

and ABR. 

i s  t h e  m i r i m m  correct. ion that, w i l l  restilt 
C 

i n  a d e s i r e d  AB 

e qua t  i ons 

The required maneuver must s a t i s f y  t h e  t h r e e  T 

where t h e  t h i r d  equation confines  the co r rec t ion  t o  the c r i t i c a l  plane. 

equa t ions  can be w r i t t e n  i n  r ra t r ix  notat ion as 6B = b V c  where t h e  t h i r d  

component of 6B 

t h e  d e s i r e d  c o r r e c t i o n  

These 

i s  zero and K is a 3 x 3 r a t r i x ,  i xve r s i cn  of which y i e l d s  

/ \ V c = K  -1 a B  
( 1 5 )  

To insure that t h e  conputation does not degrade t h e  o v e r a l l  guidance 

accuracy, t h e  f i n a l  c o r r e c t i o n  i s  computed by an i t e r a t i v e  procedure. The 

naneuver c a l c u l a t e d  i n  Equation (15) i s  appl ied t.0 t h e  t r a j e c t o r y  program ar.d 

t h e  residual m i s s  determined. A new c o r r e c t i o n  i s  theri computed: 

The i t e r a t i o n  process  i s  terminated when t,he r e s i d u a l  r i s s  becones less  than 

some th re sho ld  value. 



- . .  

Tern ina l  Considerat ions 

In a d d i t i o n  t o  a r r i v i n g  a t  t h e  p re se l ec t ed  l u d i n g  s i t e , v a r i o u s  o t h e r  

t e r m i n a l  c o n s t r a i n t s ,  discussed i n  Section 11, must be s a t i s f i e d  f o r  success fu l  

completion of t h e  mission. Those of p a r t i c u l a r  i n t e r e s t  t o  t h e  midcourse 

r.aneuver are (1) t h e  minimum main r e t r o  burno.Jt v e l o c i t y ,  (2) t h e  maximum burn- 

out  v e l o c i t y ,  (3) la tes t  allowable a r r i v a l  time, (4)  e a r l i e s t  a l lowable arrival 

time and ( 5 )  v e r n i e r  engine propel lant  c o n s t r a i n t s .  

It follows, from t h e  d e f i n i t i o n  of t h e  n o c - c r i t i c a l  d i r e c t i o n ,  t h a t  t h e  

component V of t h e  midcourse co r rec t ion  along U can be v a r i e d  t o  s a t i s f y  
n 3 

' t h e  aforementioned t e rmina l  c o n s t r a i n t s  without a f f e c t i n g ,  t o  a first approxi- 

matior,, t h e  landing s i te .  The values of V t h a t  w i l l  just s a t i s f y  t h e  m a x i m u m  

and r i n i m n  Kain r e t y o  b u r m u t  v e l o c i t i e s  are four,d as follows. It can be 

shown t h a t  t h e  main r e t r o  burnout v e l o c i t y  V 

irrpact v e l o c i t y  V 

n 

i s  a function,.of t h e  unbraked BO > 

t h e  unbraked inpact ar,gle y i' i' and t h e  s p a c e c r a f t  weight at 

' main r e t r o  i g n i t i o n ' w  
0 

T h i s  r e l a t i o n s h i p  can be approximated over a wide range by t h e  expansion 
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where t h e  subsc r ip t  r denotes t h e  reference c o n d i t i m s .  It s h o u l d  be noted 

t h a t  y rerrains r e l a t i v e l y  f i x e d  f o r  a p a r t i c u l a r  landing s i t e .  The i g n i t i o n  
i 

weight and  impact v e l o c i t y  i n  (16) are  g iven  by 

+ wi (AV 1- vn U3) vi = vi 
C 

0 

where W i s  the pre-r idcourse spacec ra f t  m i g h t ,  W t h e  p r o p e l l a n t  used a t  m i d -  
S m 

course,  c t h e  v e r n i e r  engine exhaust v e l o c i t y  and V 

i r p a c t  ve loc i ty .  I n s e r t i n g  (17) and (18) i n  (16) leads t o  an implici t  r e l a t i o n  

i s  t h e  uncorrec ted  
i o  

between V and VBo: n 

V n = A4 + A 3 [ l A V C l 2  + Vn .I 
where A and A 

(17). and (18). 

depend on VBo and' the v a r i o u s  other c o n s t a n t s '  appearing i n '  (16), 3 4 

Squaring (19) l e a d s  t o  a quadra t i c  i n  Vn t o  be solved a t  t h e  maximum and 

mininun main r e t r o  burnout v e l o c i t i e s  V and V . Denoting t h e  two 
BOmaX B%in 

values  of V t h a t  s a t i s f y  (lg), for  VBo = V by V1 and V2, t h e n  any va lue  
n BOmin 

of' Vn such t h a t  

v*) n i n  ( V  , v ) < v < Diax (vl, 1 2  n 

w i l l  s a t i s f y  t h e  minimum main retro burnout v e l o c i t y  c o n s t r a i n t .  

-22- 
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and t h e s e  s o l u t i o n s  a r e  If so iu t io i i s  f o r  (19) e x i s t  a t  v BO = 'Ba,aX' 
denoted by V and V4, a l l  values  o f  V 3 n such t h a t  

w i l l  v i o l a t e  t h e  maxirrum Rain r e t r o  burnout v e l o c i t y  c o n s t r a i n t .  

The v e l o c i t i e s  i n  the  n o n - c r i t i c a l  d i r e c t i o n  that, w i l l  , just s a t i s f y  t h e  

a r r i v a l  t i n e  c o n s t r a i n t s  are given by 

- (VTF A V c )  Tmax - T ~ -  
U - 

OTF 3 'nT2 - 

where T 

corresponding t o  t h e  rtaximum and minirnurri arrival t i x e s .  

i s  t h e  uncorrected f l i g h t  time and Tmax and Tmin are f l i g h t  t i m e s  
Fo 

The maximum al lowable c o r r e c t i o n  i n  t h e  n o n - c r i t i c a l  d i r e c t i o n  is 

where V 

n idcourse  c o r r e c t i o n .  

i s  determined by t h e  naximm amount of p r o p e l l a n t  a v a i l a b l e  for  t h e  nax 

The problem i s  reduced t o  one of holding t h e  corponent of t h e  maneuver i n  

t h e  c r i t i c a l  plane f i x e d  while varying t h e  conponent a long t h e  n o n - c r i t i c a l  

d i r e c t i o n ,  The ex i s t ence  of a poss ib l e  xaneuver depends upon t h e  e x i s t e n c e  of 



. ., 

a f i n i t e  i n t e r v a l ,  o r  i n t e r v a l s ,  defined by t h e  r equ i r ed  maneuver t o  sa t i s fy  

t h e  c o n s t r a i n t s .  There a r e  t h r e e  p o s s i b i l i t i e s ,  as shown i n  F igu re  10, where 

4 1 , min (V1, V,), Vn T1 

B = min v , nax ( V  v2), vn T~ J 1 nmax 1' 

F i r s t ,  f o r  an i n t e r v a l  t o  e x i s t ,  B nust  be g r e a t e r  t h a n  A; second, i f  t h e r e  

are no r o o t s  V 

C = min [V V4], and t h e  i n t e r v a l  i s  from A t o  C if 

A < C 5 B and/or from D t o  B i f  A S D < B. If a n  i n t e r v a l ,  or i n t e r v a l s ,  

can be found t h a t  s a t i s f y  t h e  above c o n s t r a i n t s ,  i t / t h e y  will be explored 

f o r  t h e  'loptinum" corrponent i n  t h e  n o n - c r i t i c a l  d i r e c t i o n .  

and V4, t h e  i n t e r v a l  i s  from A t o  B; o therwise,  l e t  3 
V4] and D = max [V 3' 3' 

P r o p e l l a n t  Considerat ions 

The c r i t i c a l  plane c o r r e c t i o n  i s  t h e  mininun maneuver r e q u i r e d  t o  c o r r e c t  

a g i v e n  miss, b u t  i n  studying t h e  ccmbined midcourse and t e r m i n a l  systems one 

d i s c o v e r s  t h a t  the c r i t i c a l  p l ane  c o r r e c t i o n  i s  not  t h e  optimum from an over- 

a l l  f u e l  s tandpoint .  

v e r n i e r  engine p r o p e l l a n t  a f t e r  s u b t r a c t i n g  t h e  mount r e q u i r e d  f o r  t h e  m i d -  

course c o r r e c t i o n  W 

The f u e l  margin FM can  be d e f i n e d  as t h e  res idual  

and t h e  nominal t e r m i n a l  descen t  WT m 

FM = Wf - w, - WT 
0 

where W i s  t h e  weight of  t he  tanked p r o p e l l a n t .  
fo 
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Fer a given change i n  t h e  n o n - c r i t i c a l  ccrnponent of t h e  midcourse maneuver, 

t h e  change i n  t he  f u e l  margin is given by 

s i n c e  W = Ws - Wm 
0 

r 1 

From Equat ion (17) 

and 

. - -  = -vi u3 
dVn 

The VV.  i s  a func t ion  of t h e  midcourse maneuver t i m e  whi le  aW b V .  and 

d W d b W  a r e  dependent upon the p a r t i c u l a r  p r o p e l l a n t  loading.  S e t t i n g  t h e  

d e r i v a t i v e  t o  zero and l e t t i n g  

1 d l  

0 

-25 - 
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g i v e s  t h e  optimum Vn from p rope l l an t  cons idera t ions  

For t h e  Surveyor spacec ra f t ,  with a midcourse c o r r e c t i o n  15 hours a f t e r  

i n j e c t i o n ,  Equation (24) becomes 

aVC vn = - 1.1 

I n  any case,  a component of t h e  midcourse maneuver i n  t h e  n o n - c r i t i c a l  

(d i r ec t ion  can be u t i l i z e d  t o  reduce both t h e  unbraked inpac t  v e l o c i t y  and 

spacec ra f t  weight. This  i n  t u r n  w i l l  reduce t h e  v e r n i e r  p r o p e l l a n t  r equ i r e -  

ment f o r  t h e  t e rmina l  descent  phase. Therefore,  i n  c e r t a i n  ins tances ,  by 

i nc reas ing  t h e  f u e l  used a t  midcourse t h e  o v e r a l l  v e r n i e r  engine f u e l  margin 

can be increased ,  thereby  increas ing  t h e  p rope l l an t  a v a i l a b l e  f o r  te rmina l  

descent  d i s p e r s i o n s  and t h e  p r o b a b i l i t y  of a successfu l  s o f t  landing. 

fuel margin should not be increased ,  however, a t  t h e  expense of o the r  te rmina l  

cons idera t ions .  

The 

Midcourse Value Fac tor  

It i s  d i f f i c u l t  t o  formulate a sirz2le a n a l y t i c  method t o  f i n d  t h e  o v e r a l l  

lloptimum't Vn. A simple search method has been designed t h a t  r e s u l t s  i n  a good 

compromise between the  var ious parameters over a wide range of i n j e c t i o n  con- 

d i t i o n s .  Three weighting func t ions  & r e  def ined  (F igures  11, 12 and 13) which 

r e f l e c t  t h e  p r o b a b i l i t y  of s a t i s f y i n g  t h e  mission requirements f o r  each of the  

-26- 
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cons t r a in ing  v a r i a b l e s  ( i . e . ,  radar  c o n s t r a i n t s ,  f u e l  margin, and f l i g h t  time). 

Each of these  func t ions  reaches a m a x i m  a t  t h e  d e s i r e d  des ign  p o i n t  and has 

a value c l o s e  t o  zero  a t  t h e  absolute  c o n s t r a i n t s  noted above. S t a r t i n g  a t  

one end of t h e  allowable i n t e r v a l ,  V i s  success ive ly  incremented un t i l  t h e  

o t h e r  end i s  reached. 

a r e  computed, t a b l e s  containing the  weighting func t ion  a r e  entered,  and t h e  

o v e r a l l  value f a c t o r  evaluated. 

n 
A t  each increment t h e  a p p r o p r i a t e  t e rmina l  parameters 

I n  t h i s  manner t h e  o v e r a l l  p r o b a b i l i t y  of success due t o  radar ,  f u e l ,  opera- 

t i o n a l  cons ide ra t ions ,  and t h e  s c i e n t i f i c  o b j e c t i v e s  can be assessed. The 

value V = V. t h a t  maximizes the  above product i s  implemented. The 

r e s u l t i n g  c o r r e c t i o n  i s  
n . n opt  

C + vn opt  u3 A V  . = A V  m 

Sample Resu l t s  

Figures  1 4  and 15 presen t  r e s u l t s  obtained from t h e  midcourse guidance 

program f o r  s e l e c t e d  e r r o r s  i n  i n j e c t i o n  condi t ions.  A v e r t i c a l  impact, d i r e c t  

ascent  t r a j e c t o r y ,  wi th  a launch azimuth of 114' a r r i v i n g  on J u l y  13, 1965, was 

chosen f o r  i l l u s t r a t i o n .  These condi t ions correspond t o  a c r i t i c a l  late 

a r r i v a l - h i g h  impact v e l o c i t y  t r a j e c t o r y ,  The impact v e l o c i t y  f o r  an arrival 

t h a t  corresponds t o  t h e  th ree  hour post-landing v i s i b i l i t y  c o n s t r a i n t  i s  

2691 m/sec, c l o s e  t o  t h e  m a x i m u m  allowable. These cond i t ions  a r e  c r i t i c a l ,  

s ince  any i n j e c t i o n  e r r o r  w i l l  e i t h e r  reduce the pos t - landing  v i s i b i l i t y  o r  



i n c r e a s e  t h e  unbraked impact ve loc i ty .  

cond i t ions  and t h e  r e s u l t i n g  te rmina l  e r r o r s  f o r  p e r t u r b a t i o n s  i n  t h e  i n j e c t i o n  

v e l o c i t y  of 55 m/sec. 

i n c r e a s e s  t h e  impact v e l o c i t y  t o  2706 m/sec o r  15 m/sec above t h e  maximum 

des ign  value.  

f l i g h t  t ime so t h a t  pos t  landing v i s i b i l i t y  i s  decreased by 85.7 min. 

v e l o c i t y  i n  t h e  c r i t i c s 1  p lane ,  t o  co r rec t  miss only,  f o r  a midcourse maneuver 

Table I shows t h e  nominal des ign  

An inc rease  of 5 m/sec i n  t h e  i n j e c t i o n  v e l o c i t y  

A corresponding decrease i n  i n j e c t i o n  v e l o c i t y  inc reases  t h e  

"he 

15 hours  a f t e r  i n j e c t i o n ,  w a s  found t o  be 15.3 and 13.9 m/sec, respec t ive ly .  

Figure 1 4  shows t h e  r e s u l t s  of t h e  V scan f o r  t h e  +5 m/sec case. n 
Because of t h e  h i g h  impact ve loc i ty ,  and small  midcourse co r rec t ion ,  t he  

nominal main r e t r o  burnout v e l o c i t y  f o r  t h e  c r i t i c a l  p lane  maneuver ( V  = 0) n 
i s  565 f t / s e c ,  c l o s e  t o  t h e  maxinun allowable.  

c r i t i c a l  p lane  maneuver i s  9.5 l b . ,  o r  about 2.5 lb. l e s s  than  t h a t  requi red  

f o r  d i s p e r s i o n s  (Figure 6). Since t h e  a r r i v a l  time is about 20 min p r i o r  t o  

t h e  p o s t  l anding  v i s i b i l i t y  c o n s t r a i n t ,  a conponent i n  t h e  n o n - c r i t i c a l  

d i r e c t i o n  i s  used t o  reduce t h e  impact v e l o c i t y  and t h e  spacec ra f t  weight. 

I n  t h i s  manner t h e  main r e t r o  burnout v e l o c i t y  i s  decreased t o  a more favor-  

a b l e  reg ion  and t h e  f u e l  margin i s  maximized. Note t h a t  adequate pos t  land- 

ing  v i s i b i l i t y  i s  provided. 

The f u e l  margin f o r  t h e  1 

6 

The above example i n d i c a t e s  t h a t  t h e  guidance scheme tends  t o  maximize 

t h e  f u e l  Targin,  condi t ioned  on e reasonable burnout ve loc i ty ,  provided tha t  

t h e  a r r i v a l  t ime c o n s t r a i n t s  can be met. Figure 1 5  i s  t y p i c a l  of  t he  r e s u l t s  

obtained when t h e  d e s i r e d  v i s i b i l i t y  w x o t  be achieved. The c r i t i c a l  plane 

maneuver, fol lowing t h e  -5 m/sec pe r tu rba t ion ,  reduces t h e  post  landing 
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visibility from Goldstone, from the desired 180 min to approximately 100 min. 

Note that the available fuel margin is 19.8 lb. or  about 7.8 lb. more than 

required. 

error. 

post-landing visibility to 165 min, while still providing adequate propellant 

for terminal descent dispersions. 

attempt to increase the post-landing visibility reduces the probability of 

having sufficient propellant. "he fuel margin for a miss plus flight time 

correction would be about 9.5 lb. or 2.5 lb. less than required. 

This excess propellant can be used to reduce the large flight time 

A 26 m/sec component in the non-critical direction increases the 

As can be seen from the figure, any further 

8 
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V .  CONCLUSION 

The Surveyor guidance system design r e l i e s  on simple mathematics based on 

eng inee r ing  judgement. To b e t t e r  understand some of t h e  s i m p l i f i c a t i o n s  of 

t h e  p re l imina ry  des ign  and t o  provide a more complete eva lua t ion  of system per- 

formance, a Monte-Carlo s imula t ion  of t h e  complete mission - i n j e c t i o n  t o  

touchdown - has been developed. The s imula t ion  employs d i s c r e t e  l i n e a r  mapping 

t o  c a l c u l a t e  8 perturbed t r a j e c t o r y ,  b u t  uses  t h e  complete midcourse guidance 

l o g i c  and c o n t a i n s  a very  accu ra t e  model of t h e  t e rmina l  descent ,  based on 

c losed  form i n t e g r a t i o n  of t h e  equat ions of motion. I n  t h i s  way, t h e  combined 

e f f e c t s  of i n j e c t i o n  e r r o r s ,  t r a c k i n g  e r r o r s ,  midcourse execut ion  errors, and 

t e r m i n a l  descent  e r r o r s  can be evaluated t o  provide a d i r e c t  computation of 

p r o b a b i l i t y  of success .  R e s u l t s  of t h i s  s imula t ion  f o r  a wide v a r i e t y  of 

launch and impact condi t ions  have shown c o n s i s t e n t l y  t h a t  t h e  d e s i g n  procedures 

desc r ibed  he re  a r e  conserva t ive ,  wi th  resul ts  showing p r o b a b i l i t i e s  of success  

g e n e r a l l y  exceeding t h e  0.99, des ign  object ive.  

~~ ~ 

'This f i g u r e  does no t  inc lude  r e l i a b i l i t y  e f f e c t s .  
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FIGURE C A?TIONS 

1. Approach Geometry 

2. 

3 .  

Pxrivel Windm and Velocity Loci 

Range - Velocity Diagram f o r  Vernier Descent PhBse 

4 .  

5. Vernier Propellant Requirement 

Main Retro Burnout Velocity Dispersions f o r  Inclined Approach 

6 .  Propellant Allot+c!:t3 fo r  3-0 Dispersions 

7. Vernier Thrust Command Mechanization 

8. 

9. Miss Coordinates 

Trajectory along Final  Segment of Descent Contour 

10. Allowable Component of Midcourse Correction i n  Non-critical Direction 

11. Fuel Margin Weighting Function 

12. Burnout Velocity Weighting Function 

'13. Arrival Time Weighting Function for  July 13, 1965. 

14. Yon-crit ical  Direction Velocity Scan f o r  a C r i t i c a l  Plane Correction of 
15.3  m/sec and a J+5 m/sec. Inject ion Velocity Dispersion 

Non-crit ical  Direction Velocity Scan f o r  a C r i t i c a l  Plant? Correction of 
'13.9 m/sec and a -5 m/sec Injection Velocity Dispersion 

15. 
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